pg. 3 Homeostasis is the goal of various physiological responses in animals. Many physiological parameters show a circadian oscillation or rhythm. Body temperature (T b ) in homeothermic animals has a circadian rhythm 1 . Despite the discovery of clock genes and their expression mechanisms 2 , little is known about the mechanisms involved in the generation of the T b rhythm or its physiological significance.
Homeotherms regulate their T b , by controlling the balance between heat production and heat loss. The circadian T b rhythm appears to be regulated by these mechanisms. Our preliminary results indicated that the T b rhythm is maintained through the modulation of heat loss in both warm and cool environments (unpublished data). However, there are anomalies in the homeostasis of the T b rhythm. Laboratory mice and rats decrease their T b with decreases in caloric availability, although the reduction is smaller than in hibernators during torpor when T b is less than 20°C 3 . This torpor-like hypothermia in mice and rats appears to be controlled by the circadian system because fasting rats reduce T b more in the inactive phase than in the active phase [4] [5] [6] . Ablation of the suprachiasmatic nucleus (SCN), the master circadian clock, abolishes T b reduction during fasting 7 . These findings suggest that the torpor-like hypothermia is not the result of the disruption of the homeostasis of the T b rhythm but is regulated and controlled by the SCN.
Nagashima et al. 6 reported that metabolic heat production in rats greatly decreased throughout a day of fasting. T b was maintained by suppressing heat loss.
However, heat loss suppression was observed only in the dark phase (active phase), which resulted in maintained T b in the dark phase and torpor-like hypothermia in the light phase. They also reported that in double-knockout mice (Cry1 and Cry2, the key clock genes), metabolic heat production determined T b in both ad-lib feeding and fasting conditions 8. However, in wild-type mice, T b was higher in the active phase pg. 4 than in the inactive phase at a given level of heat production, indicating a change in the heat-loss response. Thus, thermoregulatory responses are different under ad-lib feeding and fasting conditions and are different in active and inactive phases, in which clock genes may be involved.
We tested the hypothesis that modulation of thermoregulatory responses by the circadian system (including the SCN and clock genes) depends on the time of day and feeding condition. We compared the physiological and neural responses during exposure to cold at 20°C under ad-lib feeding and fasting conditions, and in dark and light phases. Differences in these responses between normal and Clock mutant mice were also examined. Clock is one of the genes organizing the core loop of molecular circadian oscillation. The mutation of Clock results in a disappearance of the oscillation 9 . However, mutant mice show a T b rhythm under light-dark condition because of a masking effect of lighting. We measured T b , metabolic heat production, and uncoupling protein-1 (UCP1) mRNA in interscapular brown adipose tissue (iBAT).
We also determined cFos expression (reflecting neural activity) in the SCN and other hypothalamic areas related to thermoregulation. Our assumptions were that (1) the physiological and neuronal thermoregulatory responses to the cold would be different under different lighting and feeding conditions; (2) the SCN would be involved; and (3)
Clock mutant mice would not show these differences in thermoregulatory responses.
We traced those hypothalamic areas receiving signals from the SCN that may be involved in the modulation of thermoregulation to identify the connections between the circadian and thermoregulation systems.
pg. 5 There was no change in spontaneous activity, which was greater (P < 0.05) in the light phase than in the dark phase, but the circadian rhythm was maintained. In Clock mutant mice, T b and V ． O 2 decreased during fasting. The change in body weight after fasting did not differ between animals starting fasting in the dark phase and light phase, or between wild-type mice and Clock mutant mice (-14.0 to -14.2%).
RESULTS

Circadian
Thermoregulatory responses in the cold
The cold responses in wild-type mice. In the cold (20°C) during ad-lib feeding, T b in the wild-type mice was similar to that at 27°C in both the dark and the light phases ( Fig.   2a,b) . However, V ． O 2 was greater than at 27°C only in the light phase (ZT2.5-3.5, Fig.   2e ). In the cold during fasting, the reduction in T b increased in both the light and the dark phases (ZT1-4 and 14.5-16, respectively; Fig. 2a,b) , but the decrease was much larger (P < 0.05) in the light phase (Fig. 2i) . V ． O 2 increased (P < 0.05) at 27°C at ZT13.5-14.5 in the dark phase (Fig. 2f) , but remained unchanged in the light phase (Fig.   2e ). The change in V ． O 2 in the cold during fasting was greater (P < 0.05) in the dark pg. 6 phase than in the light phase (Fig. 2j) . Spontaneous activity did not change in the cold during either ad-lib feeding or fasting (Fig. 3a,b,e,f) .
The cold responses in Clock mutant mice. In the cold during ad-lib feeding, T b in Clock mutant mice was maintained at the 27°C level (Fig. 2c,d ). V ． O 2 increased (P < 0.05) above the level at 27°C in both the dark and the light phases (ZT3-4 and 13.5-14; Fig. 2g,h ) with no difference between the two phases. In the cold during fasting, T b was lower (P < 0.05) than the 27°C level at ZT3-3.5 in the light phase and ZT14.5-16 in the dark phase (Fig. 2c,d ) with no significant difference between the phases (Fig. 2i) . V ． O 2 was greater (P < 0.05) than the 27°C level at ZT2 and 13.5-14
( Fig. 2g,h ). This increase in V ． O 2 was greater (P < 0.05) in the dark phase than in the light phase (Fig. 2j) . Spontaneous activity in the cold was greater (P < 0.05) than that at 27°C only in the dark phase (Fig. 3d,h ). The reductions in T b in Clock mutant mice were smaller (P < 0.05) than in the light phase of wild-type mice, and the increase in V ． O 2 was greater (P < 0.05) than in the light phase of the wild-type mice. The changes in Clock mutant mice were similar to those observed in the dark phase in the wild-type mice.
UCP1 mRNA expression in the cold
UCP1 mRNA in the wild-type mice. There was no difference in wild-type mice in the level of UCP1 mRNA between the light and dark phases at 27°C during ad-lib feeding (Fig. 4) . Cold exposure during ad-lib feeding did not affect the level of UCP1 mRNA.
UCP1 mRNA during fasting decreased (P < 0.05) from the ad-lib feeding level only in the light phase. However, UCP1 mRNA increased in the cold (P < 0.05) in the dark phase; but remained unchanged in the light phase.
UCP1 mRNA in Clock mutant mice. The level of UCP1 mRNA in Clock pg. 7 mutant mice was similar in the two phases at 27°C during ad-lib feeding. Exposure to cold at 20°C during both ad-lib feeding and fasting had no influence on levels of UCP1 mRNA, but the level was increased during fasting in both phases (P < 0.05) with no significant difference between the two. The increase in UCP1 mRNA in the cold was greater (P < 0.05) in Clock mutant mice than in wild-type mice in the light phase.
cFos expression in the hypothalamic areas (Fig. 5f) . In Clock mutant mice, no significant difference between the phases was observed in the MPO, DMH, ARC, PVN, and dSPZ. The counts in the SCN were greater in the light phase than in the dark phase, but the difference was smaller than in the wild-type mice. In the dark phase during fasting, counts of cFos-IR cells in the wild-type mice increased in all areas, whereas increases were observed in the light phase only in the DMH, dSPZ, and SCN.
The counts increased in Clock mutant mice during fasting in the DMH, ARC, and PVN in the dark phase, and the DMH, ARC, and SCN in the light phase with no significant differences between the two phases. The increases in the counts in the DMH, ARC, PVN, and dSPZ in the dark phase were smaller in Clock mutant mice than in wild-type mice.
cFos-IR cells in the cold in the wild-type mice.
In the cold during ad-lib pg. 8 feeding, counts of cFos-IR cells in the MPO were greater than those seen at 27°C only in the light phase (Fig. 5a) . The counts were unchanged in the other hypothalamic areas in the cold. During fasting, cold increased cFos-IR cells in the MPO, DMH, PVN, and dSPZ in the dark phase, whereas all areas showed an increase in counts in the light phase. During fasting, the cold increased cFos-IR cells in the SCN only in the light phase (Fig. 5f ).
cFos-IR cells in the cold in Clock mutant mice.
Cold exposure during ad-lib feeding resulted in increases in the counts of cFos-IR cells in the MPO, DMH, and SCN only in the dark phase. The counts of cFos-IR cells in the SCN in both the dark and the light phases were less than in wild-type mice. In the cold during fasting, the counts were greater than the values at 27°C in the MPO, DMH, ARC, PVN, and dSPZ in both the dark and the light phases, with no significant difference between the two phases. Table 1 summarized cFos expression at 20°C with fasting in the hypothalamic areas in wild-type and Clock mutant mice. In addition, physiological responses in the conditions were also shown.
Immunofluorecent-histochemistry for cFos, glutamate decarboxylase (GAD) 65, and cholera toxin b-subunit (CTb)
In both the wild-type and the Clock mutant mice, injection of CTb (monosynaptic retrograde neural tracer) in the PVN resulted in widely spread labeling in both the dorsomedial and the ventrolateral parts of the SCN, but not outside the SCN. In the wild-type mice, 5-10% of CTb-labeled neurons in the SCN were also cFos-positive at 27°C in the light phase during ad-lib feeding (Fig. 6a,b) . In the cold during fasting, the ratio of the double-labeled neurons increased (P < 0.05, 25-30%; Fig. 6c,d ).
However, in Clock mutant mice, the double-labeled neurons remained at 5-10% in the pg. 9 cold during fasting ( Fig. 6e,f) . Double-labeled neurons counted separately in the dorsomedial and ventrolateral SCN in wild-type mice showed no difference between the two areas (cFos + CTb/Total CTb, dorsomedial, 5.3/27.0; ventrolateral, 6.7/26.0). In the SCN, GAD65-(GABA synthetase) positive neurons were observed in a punctate pattern in close apposition to the double-labeled neurons (Fig. 6g) . CTb injection in the MPO resulted in retrograde labeling in the dorsomedial parts of the SCN. In this area, the ratio of the double-labeled neurons remained at the same level both at 27°C during ad-lib feeding and at 20°C during fasting (15-20%) in wild-type mice.
pg. 10
DISCUSSION
We found different physiological responses in wild-type mice to the cold condition between ad-lib feeding and fasting, and between the dark and light phases. The neural responses in the hypothalamus, as shown by cFos expression, were also different.
However, these differences in physiological and neural responses were absent or greatly decreased in Clock mutant mice. The SCN appears to be important in the changes in thermoregulatory responses. Circadian T b rhythm is a well-known phenomenon. We do not know how the circadian system influences T b , and the physiological significance is unclear. However, we can offer partial answers to these questions.
Effect of fasting on T b , metabolic heat production, and neural responses in the hypothalamus
The fasting-induced reductions in T b and V ． O 2 throughout the day in the wild-type mice were greater in the light phase than in the dark phase (Fig. 1a) . The reduction in T b was augmented immediately after lights-on (ZT0-6, torpor-like hypothermia) with little
This finding is similar to that reported in rats 6 . Because the reduction in body weight was not different between the animals starting fasting in the dark phase or light phase, the influence of energy availability on the difference in T b appears small. The level of UCP1 mRNA showed no circadian change during ad-lib feeding and fasting in wild-type mice, although fasting induced a small reduction in the light phase (Fig. 4) . Thus, thermogenesis in the iBAT may have contributed to the V ． O 2 rhythm slightly during ad-lib feeding, but was not activated by fasting despite the greater reduction in T b .
Our earlier preliminary observations showed a random, torpor-like hypothermia during constant darkness in wild-type mice, indicating that it was (Fig. 2a-d) . However, during fasting there was no long-lasting hypothermia as observed in wild-type mice (Fig. 1d) . Clock plays an important role in the core loop of the molecular circadian mechanism. In Clock mutant mice, the expression of other clock genes is disrupted, with reduced peak expression of each gene [10] [11] [12] , and reduced photoreception 13 . Scheer et al. 14 reported that light causes a decrease in T b via the SCN. Therefore, light appears to be an important factor in inducing torpor-like hypothermia. Although there is controversy as to whether the circadian system remains functional during true torpor in European hamsters 15 , our results suggest that Clock and/or the normal molecular oscillation of clock genes may be necessary in the induction of torpor-like hypothermia.
cFos expression, a marker for neuron activation 16 , was different in the SCN and dSPZ in the dark and light phases during ad-lib feeding in wild-type mice (Fig. 5e,f ).
There were no differences in counts of cFos in other hypothalamic areas. It has been reported that light exerts a strong influence on cFos expression in the SCN [17] [18] [19] .
However, counts of cFos-IR cells in the light phase were much greater in wild-type mice than in Clock mutant mice, perhaps related to lower photoreception in Clock mutant mice 13 . Saper et al. 20 reported that the SPZ, which resides just dorsal to the SCN, is a major outflow site from the SCN. Microlesions of the dSPZ resulted in disruption of the circadian T b rhythm 21 . We found cFos expression in the dSPZ in wild-type mice increased in the dark phase and decreased in the light phase. This is opposite to the results for the SCN (Fig. 5e,f) , but is consistent with data obtained from pg. 12 simultaneous neural recordings from the SCN and SPZ 22 . We found no significant phase differences in cFos expression in the dSPZ in Clock mutant mice. These results suggest that the functional connections related to T b between the SCN and dSPZ are not functional in the Clock mutant mice.
Fasting affects cFos expression in the SCN both in wild-type and in Clock mutant mice, but smaller increases in the counts were detected in Clock mutant mice compared with wild-type mice. The increase in cFos-IR cells was not specific to specific subregions of the SCN. In contrast to our results, Liu et al. 7 reported that fasting attenuated cFos expression in the dorsomedial area of the SCN in rats. It is unclear which factor during fasting modulates cFos expression in the SCN, and if there is a difference in the response between rats and mice. However, in ground squirrels (true hibernators), cFos expression in the SCN increased during torpor induced by the cold in constant darkness 23 . Fasting-induced cFos expression in the SCN may also be related to the torpor-like hypothermia observed in wild-type mice.
The number of cFos-IR-labeled cells increased during fasting in other hypothalamic areas in wild-type mice, with a difference between the dark and light phases ( Fig. 5a-d ). There were smaller increases in the DMH, ARC, and PVN in Clock mutant mice, but no phase differences were observed. It was reported that neural outputs from the SCN, including the SPZ, reach these areas [24] [25] [26] . Thus, activation of the SCN during fasting may be linked with activation of other hypothalamic areas. The MPO is thought to be the integrator of central and peripheral thermal information sent to various brain regions involved in autonomic thermoregulation [27] [28] [29] [30] [31] . The sympathetic outflow may originate from the PVN [32] [33] [34] . It has been shown that these two nuclei are involved in torpor in hamsters and squirrels 35, 36 . The DMH receives thermal input from the skin and the BAT pg. 13 thermogenesis 30 . Although cFos expression in the hypothalamic areas is involved in functions other than thermoregulatory responses, the changes in cFos expression between the phases may, in part, be responsible for the hypothermia observed in the light phase.
The ARC showed phase differences in cFos expression in wild-type mice (Fig.   5c ). It has been reported that fasting increased cFos expression in the ARC in mice 37, 38 .
Although the phase difference in the changes has not been examined, a previous study showed there were more cFos-IR cells in the dark phase than in the light phase during ad-lib feeding 39 . The ARC also receives neural input from the SCN [40] [41] [42] . The ARC is involved in regulating food intake and energy expenditure, receiving peripheral nutritional signals such as levels of leptin and insulin 43 . We did not determine if the circulating peptide levels changed between dark and light phases, but the change would have been small during fasting, with the same body weight reductions. We believed that the fasting signals received by the ARC were augmented in the dark phase and attenuated in the light phase in wild-type mice, and this may be related to the signals from the SCN.
Thermoregulation in the cold during ad-lib feeding and fasting
During ad-lib feeding, T b in the cold was maintained at the level measured at 27°C in both wild-type and Clock mutant mice ( Fig. 2a-d) . V ． O 2 , an index of metabolic heat production, was greater than at 27°C at ZT2.5-3.5 in the light phase in wild-type mice (Fig. 2e) , and in both phases (ZT3-4 and 13.5-14) in Clock mutant mice (Fig. 2g,h ).
The increase in V ． O 2 may have been related to spontaneous activity, but only in the dark phase in Clock mutant mice (Fig. 3d) . Therefore, the heat-production response to the cold was activated in the light phase in both mutant and normal mice, suggesting light pg. 14 was involved. However, even if there was a difference in V ． O 2 , T b was the same in normal and mutant mice. In addition, UCP1 mRNA, an indicator of the BAT thermogenesis (nonshivering thermogenesis), was not affected by cold exposure and showed no difference between the two phases (Fig. 4) in normal and mutant animals.
Therefore, the thermoregulatory responses of heat production at 20°C and the phase differences were small during ad-lib feeding in both groups. It has been reported that cFos expression in the hypothalamus is activated in the cold at 4°C and 10°C [44] [45] [46] .
However, only a slight increase in cFos expression was observed in the MPO in the light phase in wild-type mice (Fig. 5a) , so the hypothalamic responses to 20°C cold would also have been small.
In the cold during fasting, there was a large difference in T b between the dark and light phases in wild-type mice, but no difference was observed in Clock mutant mice ( Fig. 2a-d,i) . Metabolic heat production estimated by V ． O 2 became greater than that at 27°C in the dark phase in wild-type mice (ZT13.5-14.5, Fig. 2f ), during which T b in the two conditions was at the same level (Fig. 2b) . There was no difference in V ． O 2 between the two conditions in the light phase in the wild-type mice (Fig. 2e) , whereas T b gradually decreased (Fig. 2a) . The cold response in Clock mutant mice was similar in both the dark and the light phases (Fig. 2c,d) , at the same level measured in the dark phase in wild-type mice (Fig. 2i) . The increase in UCP1 mRNA was limited to the dark phase in wild-type mice, but was present in both phases in Clock mutant mice (Fig. 4) . These results clearly show that thermoregulation is different during fasting in the dark and light phases and that Clock and/or the molecular circadian mechanism is probably involved. It has been reported in humans that circadian changes in T b are largely caused by differences in heat loss between night and day 47, 48 .
Nagashima et al. 6, 8 suggested that heat-loss responses in fasted rats and mice determine pg. 15 T b and maintain the rhythm in a thermoneutral condition. However, we found that heat-production responses to the cold were also modulated by fasting, a factor that determined changes in T b .
As summarized in Table 1 , the increase in cFos expression in Clock mutant mice attributable to the cold during fasting was also observed in all the hypothalamic areas except for the SCN, and it was similar in the dark and light phases. In wild-type mice, cFos expression in the SCN was augmented in the light phase. However, the increases in the MPO and PVN in these mice were lower than those observed in Clock (Fig. 6c,d) , whereas counts of double-labeled neurons of cFos and CTb injected in the MPO were unchanged. There were punctate GAD65-IR cells surrounding the double-labeled neurons in the SCN (Fig. 6g) . The inhibitory role of the PVN in BAT thermogenesis has been reported in rats 49 . Our results indicate that the activation of the PVN may be important in maintaining T b by facilitating heat-production responses in the cold.
We showed that thermoregulatory responses to the cold differ according to the time of day and feeding conditions. These responses may be important when animals face a reduction in food availability, allowing energy savings without disturbing body temperature during active periods. We demonstrated that the SCN appears to be pg. 16 important in controlling changes in thermoregulatory responses for the following reasons. First, the activity of the SCN is increased by fasting and cold, for which Clock and/or normal molecular circadian mechanisms are required. Second, the metabolic heat response is closely associated with the activity of the SCN. Third, hypothalamic activity during fasting and cold exposure is heavily influenced by the activity of the SCN. We believe that our study is the first to demonstrate that the circadian system not only generates time cues for the circadian T b rhythm, but also strongly affects thermoregulation itself.
pg. 17 Briefly, the frozen tissue was homogenized with QIAzol Lysis Reagent® containing phenol plus chloroform (Sigma Aldrich Japan), and the liquid centrifuged at 12,000 × g for 15 min at 4°C after vigorous shaking. Seventy-percent ethanol (Sigma Aldrich Japan) was added to the supernatant, which was centrifuged using a flow-through column. RNase-free water (Ultra Pure Water, Invitrogen Japan) was put on a membrane of the flow-through column, which was centrifuged to elute. The total RNA concentration in the eluent was determined based on the ratio of the absorbance at 260 and 280 nm (NanoDrop ND-1000 spectrophotometer , Thermo Scientific).
METHODS
Animals. Male
pg. 19
Reverse transcription for the total iBAT RNA of 1000 ng was conducted using a reverse transcription kit (PrimeScript RT reagent Kit Perfect Real Time, TAKARABIO).
Denaturation was performed at 37°C for 15 min, followed by 85°C for University.
